We report on a high-transparency low-resistance composite contact structure on p-GaN for light-emitting diode applications. The structure consists of a thin Ni ͑5 nm͒ /Au ͑5 nm͒ layer overcoated with a sputtered Al-doped ZnO ͑170 nm͒ layer. Enhancement in light emission intensity as high as 74% at 40 mA and forward operating voltages in the range of 3.36-3.48 V at 20 mA are obtained for these devices using a two-step thermal annealing process. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.2120913͔ GaN-based light-emitting diodes ͑LEDs͒ currently employ a thin semitransparent Ni/ Au layer for lateral spreading of current over the highly resistive p-GaN layer to achieve uniform light emission in the device. It is desirable that the current-spreading layer have low sheet resistance, low contact resistance to p-GaN, and high optical transparency, so that the device will achieve uniform emission, high external quantum efficiency, and high light-extraction efficiency, respectively. These are the device performance indicators for high-brightness LEDs for next generation solid-state lighting applications. A conventional N 2 -annealed Ni/ Au currentspreading layer has a low sheet resistance and mediocre contact resistance, but incurs a rather large optical absorption. Only 30%-40% of light is transmitted at normal incidence in the wavelength range of 450-550 nm.
GaN-based light-emitting diodes ͑LEDs͒ currently employ a thin semitransparent Ni/ Au layer for lateral spreading of current over the highly resistive p-GaN layer to achieve uniform light emission in the device. It is desirable that the current-spreading layer have low sheet resistance, low contact resistance to p-GaN, and high optical transparency, so that the device will achieve uniform emission, high external quantum efficiency, and high light-extraction efficiency, respectively. These are the device performance indicators for high-brightness LEDs for next generation solid-state lighting applications. A conventional N 2 -annealed Ni/ Au currentspreading layer has a low sheet resistance and mediocre contact resistance, but incurs a rather large optical absorption. Only 30%-40% of light is transmitted at normal incidence in the wavelength range of 450-550 nm.
1 Oxidized Ni/ Au improves both the contact resistance to p-GaN and transparency as the light-absorbing Ni is converted to NiO in the oxidation process. 2, 3 Nevertheless, the less than 10 nm thick oxidized Ni/ Au layer is shown to yield poor device reliability due to high transverse current density that causes the detachment of NiO from p-GaN and/or the formation of insulating amorphous Ni-Ga-O phase in that layer. 4 One way to circumvent this shortcoming is to add a thick transparent conductive layer such as indium tin oxide ͑ITO͒ or ZnO over the thin Ni/ Au layer. There have been many reports of ITO contacts to p-GaN using oxidized Ni/ Au-ITO, 5 Ni/ITO, 6 and direct ITO on a GaN LED employing an n + -InGaN -GaN short-period-superlattice tunneling contact. 7 There are also a few reports on ZnO transparent contacts to p-GaN. Kaminska et al. reported on Au/ ZnO ohmic contacts to p-GaN using a combination of evaporation and oxidation processes. 8 Light transmission of ϳ75% in the wavelength range of 400-700 nm, and ZnO resistivity and specific contact resistances of ϳ1 ϫ 10 −3 ⍀ cm and ϳ1 ϫ 10 −2 ⍀ cm 2 are obtained, respectively. 12 All these results point to the promise of ZnO as an alternative transparent contact structure to ITO for high-performance LEDs. In this letter, we report on GaN LEDs fabricated using a composite contact structure consisting of sputtered AZO on a thin Ni/ Au structure situated on p-GaN. We show that by using a two-step annealing process, low contact resistance, low spreading resistance, and high optical transmittance comparable to ITO-based contact structures can be obtained.
We used commercial-graded InGaN multi-quantum-well LED epiwafers grown on sapphire substrates emitting in the wavelength range of 450-460 nm by AXT, Inc. for our investigation. Eight types of samples from two groups of epiwafers ͑1 and 2͒ are prepared and their processing conditions are summarized in Table I . We first investigated oxidized Ni/ Au-AZO contact structures. In these samples, the Ni/ Au layers with thicknesses of 5 nm/ 5 nm ͑sample A͒ and 10 nm/ 10 nm ͑sample B͒, are first evaporated and then oxidized at 500°C for 10 min in O 2 ambient. The oxidized Ni/ Au samples are then covered with a thick layer of sputtered AZO using an 8-in. ZnO : Al 2 O 3 ͑2 wt. % ͒ target deposited at a forward power of 200 W and a target bias of 650 V. The thickness of AZO is chosen to be 3 /4n or about 160 nm ͑based on a nominal refractive index of 2.05 for ZnO͒ so that it can act as an antireflective layer near 450 nm. The transmittance of AZO, calibrated on a BK-7 glass substrate, is over 90% for the as-deposited sample at a wavelength of 450 nm. The optimum resistivity of AZO is obtained at a substrate temperature of 350°C. The resistivity of as-sputtered AZO is determined to be around 5 ⍀ cm. After thermal annealing in a temperature range between 400 and 600°C in N 2 ambient for 1 min, the resistivity of the AZO layer is reduced to a range between 3 ϫ 10 −3 and 6 ϫ 10 −4 ⍀ cm. These values are higher than the best value reported in the literature. 13 The resistivity of AZO is sensitive to the gas ambient used in the postdeposition annealing. When annealing in air at 500°C, the AZO resistivity remains in the range between 2 ϫ 10 −1 and 1 ⍀ cm, which is approximately over 2-3 orders of magnitude higher than the sample annealed in N 2 ambient. Thus, for AZO to effectively spread the current, it is necessary to anneal it in N 2 ambient.
After AZO sputtering, circular contact patterns with a diameter of 500 m are formed on the GaN LED epiwafer using standard lithography and wet etching process. A reference sample C coated with oxidized Ni ͑5 nm͒ /Au ͑5 nm͒ and capped with Ni ͑20 nm͒ /Au ͑120 nm͒ is also prepared for comparison. The electrical properties of these samples are evaluated using a wafer-level probing method that involves three probes in contact with the high-resistance p-GaN layer. An ideal permanent contact to the lowresistance n-GaN layer is achieved when a sufficiently large amount of voltage is supplied between probes 2 and 3, thereby damaging the p-n junctions. The method is described in detail in Ref. 14, and is shown schematically in part ͑a͒ of Fig. 1 . For the as-deposited sample A, nonuniform light emission is occasionally observed, as shown in part ͑b͒ of Fig. 1 . After thermal annealing, uniform light emission is observed in all samples, as shown in part ͑c͒ of Fig. 1 . Figure 2 shows the representative current versus voltage ͑I-V͒ characteristics for samples A, B, and C. Unlike the oxidized Ni/ Au-ITO contact structure, 5 the as-deposited oxidized Ni/ Au-AZO contacts exhibit poor ohmic behavior. After thermal annealing in N 2 at 500°C for 10 min, the V f at 20 mA of samples A and B stays as high as 5.5 V and 4.7 V, respectively, compared to V f of 4.1 V for the reference sample C. The reason for the poor ohmic contact is not completely known, although atomic force microscopy images show a roughening of the Ni/ Au layer after oxidation. 15 Direct contact between AZO and p-GaN is highly resistive with specific contact resistance ͑ c ͒ Ͼ 5 k⍀ cm 2 even after thermal annealing. Intensity enhancement of 4%-11% is observed for sample B over reference sample C, although the contact resistance is far from satisfactory.
We next modified the processing sequence so that the entire LED including the Ni/ Au/ AZO p-contact was first processed and then followed by a final thermal annealing. In these samples, the AZO layers are sputtered using a single 2-in. ZnO: Al 2 O 3 ͑1 wt. % ͒ target at forward power of either 200 or 50 W. The thickness of AZO is about 170 nm so that it acts as an antireflection layer at 460 nm. After the p-contact is formed, layers of Ni ͑30 nm͒ /Au ͑80 nm͒ and Ti ͑30 nm͒ /Al ͑80 nm͒ are deposited to form p-contact pad and n-contact, respectively. The LED has an area of about 300ϫ 300 m 2 . The conditions for the final annealing are summarized in Table I . In sample D, the as-deposited Ni/ Au contact is covered with 170 nm of sputtered AZO without any thermal treatment. The sputtering process is carried out at a forward power of 200 W. Sample E is treated using a processing step similar to sample D except the sputtering of AZO is carried out at a reduced forward power of 50 W to determine if there is any sputtering-induced damage on these contacts. Samples F and G have the same configurations as sample D and sample E but are annealed under different conditions. Finally, sample H containing a conventional Ni/ Au contact is used as a reference for this group of samples. Figure 3 shows the representative I-V characteristics for samples D through H. The improved I-V characteristics for samples D and E, after thermal annealing in air at 500°C for 1 min, are apparent with V f of 3.42-3.48 V and 3.36-3.54 V at 20 mA, respectively, compared to Nonuniform emission is occasionally observed in sample A before thermal annealing, as shown in ͑b͒. Uniform emission is observed in all samples after thermal annealing, as shown in ͑c͒.
FIG. 2. I-V characteristics of LEDs using oxidized
Ni/ Au-AZO contact ͑samples A and B͒ after thermal annealing in N 2 at 500°C for 10 min and a reference Ni/ Au sample C tested using wafer-probing method.
3.57-3.72 V for the reference sample H. These data are taken over 10 LED devices for each sample group and are highly representative. The improvements can be attributed to be lower p-contact resistance of the samples D and E since their n-contact resistances are almost identical. There is negligible difference of V f at 20 mA between samples deposited at forward sputtering powers of 50 and 200 W. This leads us to believe that sputter damage during AZO deposition is minimal. Even though these operating voltages at 20 mA are lower than that of the reference sample H, AZO layers are very highly resistive after annealing in air, which would not satisfy the intended role as a current-spreading layer. Therefore, we used a two-step annealing procedure on samples F and G. We annealed in air at 500°C for 1 min and then annealed in N 2 at 600°C for 1 min to achieve both low contact resistance and low sheet resistance. The V f for samples F and G are 3.39-3.45 V and 3.36-3.48 V, respectively, which are significantly lower than the V f of 3.57-3.72 V of the reference sample H. To our knowledge, this is the lowest V f reported ZnO-related contact, and is marginally lower than the 3.46 V reported in Ref. 11 using epitaxial Ga-doped ZnO on p-GaN. Table II summarizes the V f for samples D through H. Having achieved low-resistance ohmic contact, we characterize the emission intensity of these samples. Figure 4 compares the light intensities of samples F and G with a reference sample H as a function of current. The inset of Fig.  4 shows the peak wavelength of 460 nm of the samples at 20 mA. An improvement in light output intensity of approximately 51% and 74% at 40 mA of the Ni/ Au/ AZO composite contact over a conventional LED structure using a Ni/ Au contact is observed. The significant enhancement in the light efficiency is a result of partial conversion of Ni into NiO during annealing in air, the roughening of AZO surface, lower forward voltage, and the effect of anti-reflection of AZO layer. The increase of light efficiency of AZO deposited at 50 W relative to 200 W is significantly higher ͑15% at 40 mA͒. The use of sputtered AZO made our results more significant because it shows that high performance ZnObased transparent contact can be fabricated using a standard microfabrication method without resorting to the more elaborate epitaxial growth.
In summary, we report on a composite Ni/ Au/ AZO p-contact for GaN-based LEDs, which has a low contact resistance, low sheet resistance, and significantly enhanced optical transmittance. The results clearly demonstrate the applicability of such contact structures for next generation high-brightness and high-efficiency LEDs.
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